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ABSTRACT: Applying an alternating magnetic field around the pool boiling region has various effects 
on the pool boiling’s major characteristics. Steady-state pool boiling experiments were performed with 
deionized water under atmospheric pressure and the application of an alternating magnetic field. A 
nickel-chrome wire with a diameter of 0.1 mm was used as a heater. Two Helmholtz coils were used 
to generate the magnetic field.  The effects of applying this field with intensities of 5.8, 8.9, and 13.3 
mT on pool boiling parameters were investigated in experiments and compared to the state without a 
magnetic field. The results show that, in general, the application of a magnetic field shortens the pool 
boiling process and delays the start of the nucleate boiling regime. The critical heat flux did not vary 
significantly when alternating magnetic fields were used. In comparison to no magnetic field application, 
this parameter decreased by 1.38%, 2.31%, and 3.33% at magnetic field intensities of 5.8, 8.9, and 13.3 
mT. But the boiling heat transfer coefficient has increased to a maximum of 47% at the critical heat flux 
point. The Lorentz force acting on water molecules reduced the number of bubbles surrounding the wire 
heater, allowing the heat produced to be transferred to the surrounding liquid more quickly. As a result, 
the heat transfer coefficient increased with increasing magnetic field strength.
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1- Introduction
Pool boiling is one of the most effective methods of heat 

transfer, which has been used in various fields such as air 
conditioning equipment and refrigerators. Therefore, to 
achieve the highest efficiency, it is necessary to study how 
to increase the effective parameters in the boiling process. 
The nucleate boiling regime is significant in the analysis 
of pool boiling because it is a particularly effective heat 
transfer mechanism. However, the heat flux must be kept 
slightly lower than the CHF1 since, beyond this point, the 
boiling transitions from the nucleate to a film regime having 
inadequate heat transfer. Increasing the CHF is a suitable 
solution to compress and reduce the dimensions of systems 
using the boiling heat transfer mechanism. This increment 
also results in higher heat transmission, which improves 
cooling system efficiency. Recent researches has looked at a 
variety of methods for enhancing boiling heat transfer in both 
steady and transient conditions. These methods are split into 
two categories: active and inactive. Active methods include 
evaluating the impact of applying a magnetic field on the 
macroscopic structure of the base fluid [1], applying surface 
or fluid vibration [2-4], and evaluating the effect of pressure 
on the boiling parameters [5, 6]. Inactive methods include the 

1  Critical Heat flux

morphological effects of the heating surface [7-10] and the 
effect of employing nanoparticles in the base fluid [11-15]. In 
this context, the behavior of bubbles [16-18] in various stages 
of boiling has also been evaluated. 

The use of magnetic fields in various forms is one of 
the ways for improving heat transfer, particularly CHF. 
Magnetic fields alter the conductivity of electrolyte solutions 
as well as the amount of evaporated water, according to the 
previous findings. The effect of these changes are function of 
the thickness of the hydration shell around the ions and the 
thermodynamic behavior of the hydration and depend on the 
nature of the ions present in the solutions [19]. In previous 
studies, the investigation of the effect of magnetic fields 
on the pool boiling process has often been done by using 
permanent magnets on the sides of the heater. For example, 
Mohammadpourfard et al. [14] numerically studied nucleate 
pool boiling heat transfer of ferrofluids on a horizontal plate 
under magnetic field gradients. Their results showed that pool 
boiling heat transfer coefficients of ferrofluids were higher 
than water, and the presence of magnetic field had a positive 
effect on nucleate pool boiling heat transfer. Khoshmehr et al. 
[20] experimentally investigated boiling on a Silver cylinder 
with aspect ratio of 10 and surface roughness of 689 nm. Water 
and ferrofluid in two different concentrations were used in the 
presence/absence of a magnetic field in these experiments. 
They found that CHF was increased by 50% in the presence 
of the magnetic field. Mahmoudi and Abu-nada [21] 
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numerically studied natural convective heat transfer of CuO/
water nanofluids subjected to a magnetic field. They observed 
that strong magnetic fields would be effective and practical in 
increasing heat transfer performance of nanofluids. Naphon 
[15] used a magnetic field with three different strengths of 
5,7.5 and 10 mT by a permanent magnet on the surface of the 
heater. The heater was immersed in pure R141b base fluid 
and Tio2 / R141b nanofluid with volumetric concentrations of 
0.01%, 0.025%, and 0.05%. According to his findings, in pure 
refrigerant boiling, magnetic fields have no significant effect 
on the BHTC1, but in nanofluids, the boiling heat transfer 
coefficient increases as the magnetic field intensity increases. 
Abdollahi et al. [22] conducted pool boiling experiments 
using Fe3O4/water nanofluids at various concentrations in 
a study. To create a uniform magnetic field, two permanent 
magnets were employed. The overall results showed that the 
presence of positive and negative magnetic field gradients 
decrease and increase the boiling heat transfer, respectively. 
Also, at higher concentrations of nanofluid, the effect of the 
magnetic field on nanoparticles is boosted. Ayoobi et al. [23] 
investigated the effect of applying a permanent magnetic 
field on the transient pool boiling process of saturated ionized 
water under atmospheric conditions with a horizontal wire 
heater. The results demonstrated that the CHF occurs at 
a higher wall superheated temperature in the presence of a 
permanent magnetic field. In the presence of a magnetic field, 
CHF values in periods of 100 and 1000 seconds were greater 
than corresponding values in the absence of a magnetic field, 
which could be because of changes in the chemical-physical 
properties of magnetized water. The increase in heat flux due 
to the presence of a magnetic field for a time period of 100s 
and 1000s was found to be 12.74% and 7.3%, respectively. 
Lykoudis [24] showed that applying a magnetic field to the 
boiling of metal elements such as mercury and potassium, 
reduces bubbles development. As a result, the overall rate of 
heat transfer is reduced.

A small number of previous studies have looked into the 
effect of homogeneous and heterogeneous fields caused by 
the pass of electric current in a conductive wire on the process 
of pool boiling. Using a copper wire with a diameter of 50µm 
in a channel-shaped cell with a circular cross-section, Vatani 
et al. [25] established an electric current (1.5-3 A). A magnetic 
ferrofluid was considered to be the working fluid. It was 
discovered through several experiments using various electric 
currents that increasing the current, enhances the capability of 
heat transfer. When a non-uniform magnetic field is applied 
to the heater in a pool boiling, the heat transfer changes differ 
from when a uniform magnetic field is applied. For example, 
Lee et al. [26] used a 0.01 mm diameter and 3 mm length 
platinum wire inside a steel tube carrying a magnetic Fe3O4 
/ Water fluid to apply heat to the fluid. A solenoid was used 
to apply uniform and non-uniform magnetic fields. The 
results demonstrated that providing a uniform magnetic field 
reduces heat transfer between the wire heater and the fluid 
due to increase of magnetic field’s viscosity. The heat transfer 

1  Boiling Heat Transfer Coefficient

between the wire heater and the fluid is boosted because of the 
Kelvin auxiliary force accelerates the flow of the magnetized 
fluid when a non-uniform magnetic field (gradient) is applied.

In all recent boiling research, magnetic fields are used in the 
form of permanent magnets, DC solenoids, or heterogeneous 
fields. But in this research, for the first time, the authors have 
used a new method of moving and changing the direction of 
the field using AC, which is in the form of frequency. Also, 
in this research, the design was based on the production of 
the magnetic field only around the wire heater and was not 
extended to the rest of the field. Therefore, the main focus 
and the most movement and change of field direction was 
only in a range close to the wire. Although other areas will 
face a lesser level of these changes. But the goal was only 
to have a maximum effect on the areas close to the wire. 
However, due to Brownian motions of fluid and temperature 
variations and magnetic field effects, this novel design can 
be observed in other regions. And finally, the effect of the 
new design on the amount of heat transfer, the temperature 
of the wire heater, and the CHF could be studied. To reach 
this goal, a pair of Helmholtz coils are designed and used to 
generate a homogenous alternating magnetic field around the 
wire heater. 

2- Materials and methods
2- 1-  Test equipment

To execute a series of pool boiling tests in steady-state 
conditions, a circuit like the one shown in Fig. 1a  was 
designed. Fig. 1b depicts the actual image of the test circuit. 
For boiling studies, deionized water was utilized as the 
base fluid. To resist temperature variations caused by heat 
flux, boiling experiments were carried out in a Pyrex glass 
vessel. The boiling vessel was a cylinder with a diameter of 
110 mm, a height of 300 mm, and a thickness of 3 mm. A 
round Plexiglass cap with an 8 mm thickness was employed 
to prevent the base fluid from evaporating out of the vessel. 
The copper electrodes on either side of the heater were held 
in place by the cap holes. A nickel-chrome (Cr20Ni30) wire 
with a diameter of 0.1 mm and a length of 70 mm was used 
as a heater. When DC2 is delivered to both ends of a wire, 
ohmic resistance is formed along the wire, and some of the 
energy is dissipated as heat to the surrounding fluid, causing 
the boiling phenomenon. Two copper rods with a diameter of 
12 mm and a length of 300 mm were used to provide electrical 
power on both ends of the wire heater with the least amount of 
power loss. These rods were covered with a varnished plastic 
coating to prevent oxidation and contamination of the boiling 
liquid. The wire heater is held horizontally and stretched 
using two steel clamps attached to the ends of each of these 
two rods. Part of the fluid that was evaporated due to the 
heat flux, was added to the boiling vessel to keep the control 
volume of the boiling constant. This was accomplished by 
using a cooling system that consists of a Pyrex spiral glass 
condenser connected to a pump and cold-water tank by two 
clear plastic glass hoses.  The experiments were carried out 

2  Direct Current
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Fig. 1. (a) Schematic diagram of the pool boiling test circuit with alternating magnetic field application (b) The actual test circuit 

 

 

 

 

 

 

 

Fig. 1. (a) Schematic diagram of the pool boiling test circuit with alternating magnetic field application (b) 
The actual test circuit
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under atmospheric pressure taking advantage of the open 
condenser.

During the experiments, it was critical to keep the working 
fluid at saturation temperature. This was done with a hot 
plate heater (model: ARE1) that can adjust the temperature 
range as well as the magnetic stirrer. An electronic controller 
was used to run experiments in steady-state conditions as it 
must be able to adjust the required electrical power to the 
wire heater. Three mainboards were constructed and used 
to apply a potential difference to the wire heater. A 40V DC 
power supply fed the power circuit, which transfers energy 
to the wire heater that converts electrical energy into heat 
flux (model: 405 HD2). A control circuit regulated how 
much electricity was applied to both ends of the heater. An 
amplifier circuit was used to set the voltage and amperage 
of both ends in the suitable range in order to electrically feed 
the control circuit. The voltage range applied to the amplifier 
circuit, which was ±15V, was also provided by a transformer 
with two independent DC outputs (model: APS3005S-3D3).

The mechanism of bubble formation or the physics 
governing the fluid around the wire heater should have been 
investigated for a more accurate analysis of the results. The 
experiments were recorded using 960 frames per second 
high-speed camera (model: RX104) for this purpose.

According to the geometry of the boiling vessel, a 
magnetic field generator was designed and fabricated to 
apply an alternating magnetic field. The design was based 
on a pair of Helmholtz coils with a maximum magnetic field 
strength of 13.5mT. The coil pulleys were fabricated from 
Teflon materials to carry the weight of the wires without 
inducing magnetic flux. Fig. 2 depicts the schematic of a pair 
of Helmholtz coils. The strength of the magnetic field, xB
is calculated by:
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   (1)

Adopted from [27]. In this equation, X represents the 
distance of the desired point on the central axis of the coils to 
the midpoint of the distance between the two coils, and r is 
the radius of each coil.  0µ , N and I are vacuum permeability 
constant, number of turns of coil and current intensity, 
respectively. Because the distance between the center of 
each coil and the midpoint of the distance between two coils 
(H) is equal to 

2
r  in the Helmholtz coils, the strength of the 

produced magnetic field is the same in both wires. Therefore, 
the total field strength at 

2
r  is:

1  Manufacture: VELP
2  Manufacture: Eram Electronic
3  Manufacture: ATTEN
4  Manufacture: SONY
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The magnetic field strength curve generated by the 
Helmholtz coils is shown in Fig. 3. Each coil creates a 
magnetic field around itself that is maximal at the center of 
the coil, as shown in this figure (green and red curves). When 
the coils are connected in series, the magnetic field generated 
in the space between them is approximately homogeneous 
and greater than the maximum value of each individual coil.

With optimization, the coil had an average diameter of 156 
mm, a rectangular winding cross-section with dimensions of 
46×40 mm, and an average distance between two coils of 100 
mm. Also, the copper wire used for winding the cross-section 
of the coil had a diameter of one millimeter and was wrapped 
in 1450 turns on each coil. To minimize probable electrical 
leakage due to the coils’ short circuit, a special thermal 
varnish was utilized between the layers.

To enhance this field, the magnetic field vector created in 
both coils must be in the same direction. To accomplish this, 
the two coils must be connected in series and connected to an 
AC power converter. The output voltage of an autotransformer 
with alternating output was adjustable from zero to 250 volts. 
The current intensity varies as the voltage changes due to the 
resistance of the coil windings, according to Ohm’s law [28], 
and the strength of the generated magnetic field changes as 
well, according to Eq. (1). The apparatus used to generate an 
alternating magnetic field and measure its strength is depicted 
in Fig. 4. Before performing the main boiling test at the 
location of the wire heater (on the axis that runs through the 

 
Fig. 2. Schematic of a pair of Helmholtz coils in the right-hand coordinate system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic of a pair of Helmholtz coils in the 
right-hand coordinate system
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Fig. 3. Magnetic field intensity resulting from the connection of Helmholtz coils in a series mode in the middle of the distance between 

two coils and on the axis passing through each center 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Magnetic field intensity resulting from the connection of Helmholtz coils in a series mode in the middle 
of the distance between two coils and on the axis passing through each center

 
 

 

Fig. 4. (a) Equipment for the generation and measurement of alternating magnetic fields with different intensities (b) Measurement of 

the intensity of the generated magnetic field in different parts of the Helmholtz coil, A and C (coil edges), B (coil center) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. (a) Equipment for the generation and measurement of alternating magnetic fields with different 
intensities (b) Measurement of the intensity of the generated magnetic field in different parts of the Helm-

holtz coil, A and C (coil edges), B (coil center)
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middle of the distance between the two coils), the magnetic 
field intensity was measured using the magnetic field intensity 
measuring device1 at three points: A and C (the coil’s edges), 
point B (the coil center). Table 1 shows the measured values 
of magnetic field intensity in these three points. The magnetic 
field intensity values produced according to this table have 
been obtained by applying voltages of 100 V, 125 V, 150 V, 
190 V, and 225 V.

2- 2- Test method
The heat flux in the wire heater was generated in the 

form of ramp-wise in the steady-state conditions during the 
pool boiling experiments. As a result, the current passing 
through the heater increases as the electrical potential 
difference between the two ends of the wire heater increases 
by 1 VV∆ = . The waiting time to increase voltage was 
roughly 5 minutes to attain stable circumstances. After that 
time, the voltage and current fluctuations were monitored to 
be negligible to keep the wire heater temperature constant. 
As a result, Eq. (3) may be used to assume that the heater’s 
average power output is constant:
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To calculate the heat flux delivered to the fluid at each 
time step, it must be considered that a portion of the total 
energy is stored in the wire heater as sensible heat, and the 
remainder is transferred to the surrounding liquid. The first 
law of thermodynamics is as follows:
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1  Manufacture: FAPAN

Where inE  is the input electrical energy to the wire 
heater (here ( ( )q ′′− )), U∆  represents the average internal 
energy change (sensible heat) stored in the heater ( w

p
dTmC
dt) and outE  is the heat energy delivers to the working fluid. 

The average wall superheats temperature is∆ = −w w satT T T
, where, wT and satT  are heater temperature and saturation 
temperature, respectively. It can be calculated by: 
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   (5)

Adopted from [29]. Where 0R  is the initial resistance of 
the wire heater at the boiling fluid’s saturation temperature, 
α  is the resistance-temperature coefficient of the wire 
heater measured to be 0.0041/oC for this alloy. R can also be 
calculated by ohm’s law[28]. Now the wire heater energy q ′′  
can be calculated by:
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In this case, v is the heater’s volume, htA  is the heat 
transfer surface, ρ  is the density, and pC  is the heater’s 
specific heat capacity. Because the temperature derivative to 
time is zero in steady-state conditions, the second term of Eq. 
(6) is zero, and the average heat flux to the working fluid 
equals:
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By calculating the heat flux in each stage of the boiling 

Table 1. The intensity of the generated magnetic field at different points of the Helmholtz coil measured 
before the experiments.

Table 1. The intensity of the generated magnetic field at different points of the Helmholtz coil measured before the experiments. 

 

~ 
Magnetic Field (mT) 

C B A 

100 V 5.9 5.8 5.9 

125 V 7.5 7.3 7.5 

150 V 9.1 8.9 9.1 

190 V 11.6 11.3 11.6 

225 V 13.5 13.3 13.5 
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experiment and using Eq. (4) to calculate the temperature 
of the wire heater, the heat transfer coefficient (h) can be 
computed using the following equation:
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In a set of steady-state boiling experiments, three strengths 
of alternating magnetic fields with values (5.8, 8.9, 13.3 mT) 
were generated by applying voltages (100, 150, 225V), and 
their influence on the boiling phenomena was investigated.

2- 3- Uncertainty analysis
When measuring a parameter, several factors such as the 

measuring device’s precision, operator error, environmental 
conditions, and geometry can all affect the precision of the 
measurement, generally referred to as measurement errors. 
Thus even with the highest level of measurement precision 
and the most accurate methodologies, the measured values 
are affected by inevitable uncertainties.  Statistical analyses 
were performed on a set of measurement data to quantify such 
uncertainties. The Moffat technique [30] is one of the most 
extensively used methods to perform uncertainty analysis. 
According to this method, if the variable R is a function 
of measured values of an independent variable iX  – i.e,
( )1 2, , NR X X X… , the Rδ  uncertainty can be calculated 

by:
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The uncertainty relationships of wire heater area, current, 
heater volume, heater temperature, heat flux, and boiling heat 
transfer coefficient were calculated by following equations:
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In Eqs. (10) to (15), U represent uncertainty, A, r and L 
represent surface, radius and length of heater, respectively, 
I and ∆ hV  represent current and potential difference of the 
wire heater, ∆ shuntV and shuntR  represent potential difference 
and ohmic resistance of shunt. The computed uncertainties 
using the above relations and the results obtained from all 
experiments are shown in Table 2.

Table 2. Calculated uncertainties of equipment and effective parameters in pool boilingTable 2. Calculated uncertainties of equipment and effective parameters in pool boiling 

 wire heater 
area 

current heater volume heater 
temperature 

heat flux boiling heat 
transfer coefficient 

Uncertainty 
(%) 

1.23 2.26 2.12 2.26 4.03 4.62 
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3- Results and discussion
3- 1- Test validation

First, we examined the validity of the results in comparison 
with reference correlations. Fig. 5 depicts a pool boiling 
diagram of saturated deionized water around a wire heater 
under atmospheric pressure. For the steady-state boiling of 
deionized water, the experimental results were compared to 
Rohsenow ]31] and Zuber correlations ]32] to the red line 
and blue dot, respectively. The both studies correlations were 
employed to validate the nucleate boiling region and CHF 
value, as expressed in the following equations:
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Where the coefficients 
sfC  and n are determined by 

experience and depend on the surface conditions and the type 
of fluid being boiled [33]. For nickel-chromium wire, these 
factors are 0.0062 and 0.49, respectively , , , , p fgC h σ ρ µ . 
and k are specific heat, latent heat of vaporization, surface 

tension coefficient, density, dynamic viscosity and thermal 
conductivity of water at saturation temperature, respectively. 

To ensure the obtained results, this experiment has been 
repeated three times. Table 3 shows the results related to the 
critical heat flux in steady-state conditions. As can be seen in 
the last two columns, the amount of difference in each case 
is within the engineering error and can confirm the steady-
state boiling conditions to an acceptable extent. According 
to the results of this table, the third experiment showed less 
error and was selected for validation. As shown in Fig. 5, 
the obtained results in the nucleate boiling zone, are in good 
agreement with the Rohsenow and Zuber relationship.

Fig. 5 also shows that all boiling regimes can be displayed 
separately in this diagram. Free convection flows cause the 
fluid to move near the heating surface in the free convection 
boiling regime. The fluid near the heater’s surface is at 
saturation temperature and evaporates when it comes into 
contact with the surface by receiving additional heat. The 
slope of the boiling curve dramatically increases after the 
free convection phase ends and nucleate boiling begins. In 
this regime, tiny bubbles form and disperse into the liquid 
after detaching from the surface. As the temperature rises, 
bubbles expand more quickly and rise to the liquid’s surface, 
where they disperse. Bubbles are formed in the nucleate 
boiling region by the expansion of trapped gas or vapor in 
small cavities on the surface. Bubbles grow up to a specific 

 

Fig. 5. Pool boiling of saturated deionized water under atmospheric pressure in steady conditions and is compared to the correlations of 

Rohsenow [31] and Zuber [32]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Pool boiling of saturated deionized water under atmospheric pressure in steady conditions and is 
compared to the correlations of Rohsenow [31] and Zuber [32].
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size based on surface tension at the liquid-vapor interface, 
temperature, and pressure. Depending on the superheated 
temperature, the generated bubbles may collapse on the 
surface, expand and separate from the surface to disseminate 
throughout the liquid volume, or reach the liquid surface at 
sufficiently high temperatures before bursting]34 ]. There are 
two causes for the high heat transmission in this regime[35] 
First, the upward migration of the bubbles generates a 
vigorous stirring of the liquid around the heater’s surface, 
transferring heat more quickly to the liquid’s body. Second, 
vapor bubbles (which have a higher energy level than liquids) 
release their trapped energy in the liquid when they move 
toward the liquid surface (due to buoyancy) and burst in the 
liquid domain.

Bubbles form so quickly once the nucleate boiling 
regime ends, thus they cover the heating surface and form 
a vapour layer and prevent operating fluid (water) to access 
the heating surface directly. The heat in this region must pass 
through the vapour layer by conduction to reach the liquid. 
This film’s thermal resistance lowers heat transfer into the 
operating fluid (water) and causes some sections underneath 
the vapour layer to overheat. The zone after nucleate boiling 
is referred to as the transition regime, which is unstable and 
when it ends, a stable film boiling is created by connecting 
the bubble layers around the wire  heater, resulting in an 
isolated region surrounding the heater’s surface. As a result, it 
significantly prevents the heat transfer from the heater to the 
liquid, causing the wire temperature to rise excessively, as the 
wire turns red and gleams. Heat transmission during the film 
boiling regime is most likely by a radiation mechanism[36].

A high-speed camera was used to obtain high-quality and 
accurate images of the various stages of boiling. The obtained 
images show the different boiling regimes, the behavior of the 
bubbles in each stage, and the vapor film. Also, by using these 
images, the conditions of the heater can be seen at each stage 
of boiling. According to the images shown in Fig. 6, when the 
heat flux is 19.3 2

KW
m , no bubbles are observed. This stage 

is the beginning of free convection boiling. By increasing 
the heat flux to 23 2

KW
m

, the images show the beginning 
of nucleate boiling. At this stage, bubbles start to form from 
both ends of the heater and separate from the surface. In 

Table 3. The deviation values of CHFq ′′   from the values obtained by Rohsenow and Zuber correlations in 
the boiling curve of deionized water under steady-state conditions 

Table 3. The deviation values of CHFq  from the values obtained by Rohsenow and Zuber correlations in the boiling curve of deionized 
water under steady-state conditions  

Test NO. CHF (MW/m2) 
Wall Superheated 

Temperature in CHF 
Difference in value with 
Zuber correlation (%) 

Difference in value with 
Rohsenow correlation 

(%) 
1 1.0442 48.54 1.57 3.6 

2 0.9673 43.2 5.9 4.2 

3 1.0078 46.36 1.96 0.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Images of bubbles formed during different boiling regimes around the heater wire 

 

 

 

 

 

 

 

 

Fig. 6. Images of bubbles formed during different boil-
ing regimes around the heater wire
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this regime, the more the boiling is in the initial stages, the 
more bubbles (which are not visible) cover the surface of the 
wire heater in the form of a micro-layer in some longitudinal 
points of the wire heater [37]. At 45

2
KW

m
, the bubbles 

cover the entire heater, and the rate of bubble generation 
increases in nucleate boiling. These bubbles merge at the 
top of the heater. At 110

2
KW

m
, the size of the separated 

bubbles becomes larger and the length of the heater increases 
slowly due to the high temperature. At this stage, coalescence 
of larger bubbles at the top of the heater is reduced. At 190

2
KW

m
, the boiling enters the film boiling stage. At this 

stage, the bubbles separated from the surface become larger 
and merge near the surface of the heater. Also, some points 
of the heater turn red. With the increase of the heat flux, 
at 300

2
KW

m
, the bubbles cover the entire surface in the 

form of films and irregular shapes with a lower production 
frequency. Also, due to the high heat flux, the temperature of 
the heater rises sharply. In this case, the entire surface of the 
wire becomes shiny red and due to the increase in buoyancy 
force, the increased length of the wire is stretched upward. 
Finally, during the film boiling regime, the wire heater melts 
at a point with the least mechanical resistance (panel (e)). At 
this point, the boiling process stops.       

Fig. 7 shows the boiling heat transfer coefficient as 
a function of the heat flux. In this diagram, in the free-
convection boiling zone, where the rate of temperature change 
and heat flux is low, the heat transfer coefficient increases 
with a slight slope. However, in the nucleate boiling zone, 
where the rate of increase of heat flux is high and the changes 

in wall superheated temperature are low, the heat transfer 
coefficient increases steeply. Although the heat flux provided 
to the fluid increases slightly in the transition regime, due to 
the formation of a bubble film around the wire heater, which 
functions as a layer of thermal resistance, the wall superheated 
temperature rises dramatically. Hence, the heat transfer 
coefficient is reduced as a result of this increment. Then, in 
the first part of the film boiling regime, the mushroom bubbles 
which are formed by bubble adhesion, are separated from the 
heater’s surface, and moved towards the liquid surface. The 
rate of increase of wall superheated temperature relative to 
the transition regime decreases slightly and the heat transfer 
coefficient increases slightly. Bubbles that cover the entire 
volume around the heater, prevent the surface of the heater 
from coming into contact with the liquid in the second part of 
the film boiling, causing the wire heater’s temperature to rise 
too much by forming a layer of thermal resistance. This state 
persists until the wire heater’s resistance is lost and it breaks. 
The heat transfer coefficient is decreased in this region.

3- 2- Boiling of deionized water under the influence of an 
alternating magnetic field

To investigate the effect of an alternating magnetic field 
on boiling basic parameters, alternating magnetic fields 
of 5.8, 8.9, and 13.3  mT with a frequency of 50Hz were 
produced by applying voltages of 100, 150, and 225V to 
the built Helmholtz coils, respectively. The corresponding 
fields are homogeneous in the middle of the distance between 
the two coils and in the longitudinal direction of the heater, 

 
Fig. 7. Changes in heat transfer coefficient in all pool boiling regimes of saturated deionized water under atmospheric pressure and 

steady conditions 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Changes in heat transfer coefficient in all pool boiling regimes of saturated deionized water under 
atmospheric pressure and steady conditions
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according to Eq. (2) and Fig. 3. Fig. 8 depicts the steady-
state boiling curves of deionized water, and Fig. 9 depicts 
the results of variations in the corresponding heat transfer 
coefficient under the application of three different intensities 
of magnetic field versus non-application of magnetic field 

circumstances. The findings reveal that in the early stages 
of boiling, the application of an alternating magnetic field 
reduces the active sites of nucleation on the surface of the 
heater and delays ONB. Also, it speeds up the shift of the 
boiling process from this region to the transition phase. The 

 

 

Fig. 8. Comparison of pool boiling diagrams of saturated deionized water under atmospheric pressure and steady conditions at different 

magnetic field intensities 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Comparison of pool boiling diagrams of saturated deionized water under atmospheric pressure and 
steady conditions at different magnetic field intensities

 

Fig. 9. Comparison of pool boiling heat transfer coefficient diagrams of saturated deionized water under atmospheric pressure and 

steady conditions at different magnetic field intensities 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Comparison of pool boiling diagrams of saturated deionized water under atmospheric pressure and 
omparison of pool boiling heat transfer coefficient diagrams of saturated deionized water under atmo-

spheric pressure and steady conditions at different magnetic field intensities
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slope of the boiling curve in all boiling regimes is greater in 
the presence of a magnetic field than in the absence of one, 
according to the results of Fig. 8. According to research [38], 
the higher slope can be due to the increase in the necessary 
heat flux at the corresponding superheated temperature, 
which is caused by the increase in viscosity, surface tension 
and enthalpy of magnetized water. Due to the influence 
of magnetic body forces, the void fraction of the bubbles 
decreases with increasing magnetic field intensity in two-
phase flow [18]. An alternating magnetic field ionizes water 
molecules, making them behave like charged particles. The 
presence of this type of magnetic field with an intensity of  
B around the wire heater causes Lorentz’s force [39] to be 
applied to the ionized water molecules around the surface of 
the heater:
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Where the angle between the charged particle’s velocity 
vector and the magnetic field’s vector in this relationship is θ
, u is the velocity of charged particles with a magnitude of Q, 
and B is the strength of the applied magnetic field.

Another reason for the increase in heat transfer in boiling 
regimes due to the use of an alternating magnetic field is that 

the presence of frequency in the alternating current causes 
the direction of the generated magnetic field to change 
alternately.  As a result, the direction of the Lorentz force 
exerted on the fluid’s ionized molecules alternatively changes 
and their movement inside the vessel accelerates. As a result, 
the heat transfer coefficient increases. Additionally, based on 
the findings in Fig. 8, the boiling regimes cease quicker than 
typical as the magnetic field’s intensity increases. Reducing 
the number of bubbles around the wire heater causes the 
heat generated in the heater to be transferred more quickly 
to the surrounding liquid. As a result, the wall superheated 
temperature decreases as the magnetic field intensity 
increases. Due to the change of direction depending on the 
frequency of Lorentz force applied to water molecules around 
the wire heater, low amplitude and high-frequency vibrations 
were observed along the length of the wire. The presence of 
irregular vibrations along the length of the wire caused the 
wire to get fatigued and break earlier than usual. The results 
showed that the higher the intensity of the applied magnetic 
field, due to the increase in the frequency of vibrations, the 
wire heater broke at a lower temperature and the boiling 
ended. As the overall superheated temperature drops, so does 
the heat transfer coefficient, which is inversely related to this 
parameter. Compared to liquid molecules, bubbles have less 
capacity to absorb excess heat. The increase in the movement 
of the bubbles with the increase in the intensity of the magnetic 

 

Fig. 10. Dimensionless CHF changes in the pool boiling of saturated deionized water under atmospheric pressure and steady 

conditions at different magnetic field intensities 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Dimensionless CHF changes in the pool boiling of saturated deionized water under atmospheric 
pressure and steady conditions at different magnetic field intensities
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field causes an increase in their collision with each other and 
as a result the formation of larger bubbles. Therefore, the 
capacity to receive more heat in the nucleate boiling regime 
is reduced and as a result, CHF is reduced. Figs. 10 and 11 
depict the dimensionless CHF and heat transfer coefficient 
alterations caused by the application of alternating magnetic 
fields, respectively. In these diagrams, (0) refers to the state 
without applying a magnetic field.

According to the results, the rate of CHF reduction is 
1.38%, 2.31%, and 3.33%, respectively, if magnetic fields of 
5.8, 8.9, and 13.3 mT were applied. The greatest changes in 
boiling heat transfer coefficient are related to the CHF point. 
At intensities of 5.8, 8.9, and 13.3 mT, the rate of increase 
of this coefficient is 14%, 30%, and 47% respectively, at the 
CHF point.

4- Conclusion
Pool boiling heat transfer and CHF were studied in 

steady-state conditions under the application of an alternating 
magnetic field with a frequency of 50Hz and various 
intensities experimentally. A horizontal nickel-chrome wire 
was used as a heater. To apply heat flux to the heater in each 
stage of the experiment, the voltage was increased by one 
volt. Deionized water’s boiling curve in the nucleate boiling 
regime was compared with Rohsenow and Zuber correlations 

to confirm the validity of the experiment’s findings. The 
findings demonstrate that the acquired values are in good 
agreement with these correlations. The quantity of heat flux 
achieved at the CHF point deviating by only 0.1% and 2% 
from Rohsenow’s and Zuber’s correlations, respectively. 

To investigate the role of an alternating magnetic field 
on the pool boiling process, a homogeneous magnetic field 
in the space between the two coils and in a radial direction 
was created by building a pair of copper coils and application 
of AC. The results demonstrated that applying a magnetic 
field increases the ONB and accelerates transfer from the 
nucleate boiling regime to the transition boiling regime. The 
overall time of the pool boiling process also decreased with 
increasing magnetic field intensity. The CHF was reduced by 
1.38%, 2.31%, and 3.33%, respectively, when magnetic field 
strengths of 5.8, 8.9, and 13.3 mT were applied, compared 
to when the magnetic field was not applied. In all regimes, 
the effect of applying an alternating magnetic field on the 
variation of the boiling heat transfer coefficient is obvious. 
The maximum rate of this coefficient’s increment was 14%, 
30%, and 47% for magnetic field strengths of 5.8, 8.9, and 
13.3mT, respectively, at the CHF point. In general, using 
an alternating magnetic field has little effect on CHF, but it 
enhances boiling’s overall heat transfer coefficient. 

 

Fig. 11. Dimensionless heat transfer coefficient changes at CHF point in the pool boiling of saturated deionized water under 

atmospheric pressure and steady conditions at different magnetic field intensities 

 

 

 

 

 

 

 

 

 

Fig. 11. Dimensionless heat transfer coefficient changes at CHF point in the pool boiling of saturated deion-
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